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Background: Feathers are a defining feature of birds with multiple functions such as flight, insulation, protection
against predation and signaling. Feathers are lost during the annual molt while the rate of such loss at other times
of the year and its fitness consequences remain poorly known.
Methods: I used information on the number and the mass of feathers for 160 individuals belonging to 85 species
of birds in general linear mixed models to analyze allometry of feathers and to investigate possible factors
explaining variation in the number of feathers. A phylogenetic effect was assessed by quantifying the random
effect of genus.
Results: The total mass of feathers increased isometrically with body mass, while the total number of feathers and
the mean mass of feathers showed negative allometry. Negative allometry implied that small-sized species had
relatively many small feathers. There was a negative association between the number of feathers and migration
distance. The total number of feathers initially increased during fall and winter, consistent with individuals growing
more feathers later during the year or with individuals with fewer feathers selectively disappearing from the
population. In contrast, the number of feathers decreased from winter through spring and summer.
Conclusions: These findings suggest that thermoregulation has affected the evolution of the number and the size
of feathers, there is selection against feather loss, and that the number of feathers varies across seasons.
Keywords: Feather loss, Molt, Number of feathers, Predation, ThermoregulationBackground
The number of feathers varies among species of birds
from less than 1000 to more than 10000 (Wetmore
1936; Brodkorb 1985), although the factors accounting
for this variation remain poorly known. Feathers have a
number of functions because they provide insulation
(Whittow 1986), protect against predators (Dathe 1955;
Mester and Pünte 1959; Tautenhahn 1959; Berger 1960;
Höglund 1964; Lindström and Nilsson 1988; Møller
et al. 2006), allow for flight and contribute to signalling
through size, shape and color (Darwin 1871; Andersson
1982). Down are smaller than contour feathers, but
equally important for the maintenance of a high body
temperature (Dyck 1985). Several studies have shown
that seasonal changes in energy management strategies
are related to variation in plumage weight (Saarela et al.Correspondence: anders.moller@u-psud.fr
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unless otherwise stated.1984; Dove et al. 2007). Furthermore seasonal changes
in plumage weight suggest better insulation during
colder months (Dawson and Carey 1976; Dawson et al.
1983; Swanson 1991; Cooper 2002). Finally, feather
structure could be trade against the number of feathers
(Dawson and Carey 1976; Middleton 1986; Walsberg
1988; Lindström, et al. 1993; Dawson et al. 2000; Wolf
and Walsberg 2000).
If there is gradual loss of feathers during the annual
cycle following the complete molt, we should expect a
gradual reduction over time. Brodkorb (1985) reported
that house sparrows Passer domesticus loose 11.5% of
their feathers from winter to summer, although the data
were cross-sectional rather than longitudinal. Hence
these data do not allow separation of phenotypic plasti-
city from selective disappearance. Here I propose predic-
tions that would help discriminate between alternative
explanations for seasonal change in the number of
feathers. If individuals with more feathers do better ins an Open Access article distributed under the terms of the Creative Commons
rg/licenses/by/4.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
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we should expect an increase in the number of feathers
during fall and winter as temperatures fall. If feathers
provided protection against predators by allowing for es-
cape, we should expect an increase in the number of
feathers over time because individuals that have lost
feathers due to predation were more likely to subse-
quently be captured by a predator or die from insuffi-
cient insulation. If the sole advantage of more feathers
was simply to provide better insulation, we should ex-
pect isometry. If there were relatively more feathers on
small species due to their high surface to volume ratio,
we should expect negative allometry for the number of
feathers. If the total mass of feathers showed isometry,
we should expect that the number of feathers and the
mean mass of feathers should show isometry.
The objectives of this study were to (1) estimate the al-
lometry of number, total mass of the plumage and mean
mass of feathers and (2) to model changes in the num-
ber of feathers during the annual cycle to better under-
stand the temporal patterns of feather loss. The number
of feathers should reach a maximum at the end of molt,
when all feathers including missing ones have been re-
placed, the only exception being feather loss at the stage
of molt. Any subsequent loss of feathers following molt
should result in a reduction in the total number of
feathers. In contrast, a subsequent increase in the num-
ber of feathers later during the year would only be pos-
sible if individuals with more feathers survived better
than individuals with fewer feathers. Alternatively, indi-
viduals may grow more feathers during fall and winter
although there is no empirical evidence so far for such
seasonal growth of feathers. Thus, a seasonal increase in
the number of feathers would represent an estimate of
the selective advantage of having more feathers with in-
dividuals with few feathers disappearing from the popu-
lation. The data used for this study mainly derived from
Wetmore (1936), who pioneered the study of abundance
of feathers on birds.
Methods
Data
Data on the number of feathers and their total mass
were extracted from Wetmore (1936) combined with
smaller samples from Staebler (1941), Brodkrob (1955)
and Markus (1965). Although the mass of different types
of feathers would have been useful, no such information
was available in the sources consulted here.
I extracted information on body mass from Dunning
(2008). Migration distance was estimated as the mean of
the northernmost and southernmost latitudes during the
breeding season minus the mean of the northernmost and
southernmost latitudes during winter relying on Cramp
and Perrins (1977–1994) and Poole et al. (1993–2002). Ialso used northernmost and southernmost latitudes dur-
ing the breeding season and northernmost and southern-
most latitudes during winter to test for possible latitudinal
effects. These tests were restricted to North American
species to avoid problems of differences in latitudinal ef-
fects on climate among continents. The species investi-
gated here generally molt in late summer-early fall
(Cramp and Perrins 1977–1994; Poole et al. 1993–
2002). Therefore, I related the total number of feathers
to time since molt estimated as the number of months
since August. All data are reported in Additional file 1:
Table S1.
Statistical analyses
I log10-transformed body mass, total number of feathers,
mass of all feathers, mean mass of feathers and migra-
tion distance to achieve normally distributed frequency
distributions.
I analyzed allometric relationships between the total
mass of all feathers, the total number of feathers and the
mean mass of feathers, respectively, in relation to body
mass using log10-transformed variables while including
species as a random effect to account for differences in
sample size among species. I tested whether the allomet-
ric relationships were isometric or negative or positive
allometric by testing with t-tests whether allometry coef-
ficients differed significantly from unity.
I developed general linear mixed models with species
as a random effect thereby controlling for differences in
sample size among species while body mass, time since
molt and migration distance were fixed factors. Both a
linear and a quadratic effect of time since molt were en-
tered into the models to account for non-linear effects
of relative time. Furthermore, I included sex and north-
ernmost and southernmost breeding and wintering lati-
tude in these general linear mixed models with species
as a random effect thereby controlling for differences in
sample size among species while body mass, time since
molt and migration distance were fixed factors. Finally, I
tested for phylogenetic effects in a general linear mixed
model with species and genus as random effects control-
ling for differences in sample size among species while
body mass, time since molt and migration distance were
fixed factors. A phylogenetic effect would imply a signifi-
cant effect of genus. All analyses were made with JMP
(SAS 2012).
Results
A total of 91% of the variance in the number of feathers
was due to differences among species with the
remaining 9% of the variance occurring within species
(F = 9.42, d.f. = 84, 75, r2 = 0.91, p < 0.0001). The allo-
metric relationships for the number of feathers, the
mass of the plumage and the mean mass of feathers are
Figure 1 (A) The number of feathers in different birds in
relation to body mass (g), and (B) the mean mass of feathers in
different birds in relation to body mass (g).
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creased isometrically with body mass since the allom-
etry coefficient did not differ significantly from one (t =
0.77, d.f. = 74.46, p = 0.45). The total number of feathers
showed negative allometry (Figure 1A), with an allom-
etry coefficient less than one (t = 24.47, d.f. = 85.64, p <
0.001). The average mass of individual feathers likewise
increased with body mass showing negative allometry
(Figure 1B; Table 2), and the allometry coefficient was
less than one (t = 5.27, d.f. = 73.1, p < 0.001).
The relationship between the number of feathers, total
mass of feathers and mean mass of feathers and log mi-
gration distance was significantly negative for number of
feathers, but not for mass of feathers or mean mass of
feathers (no. feathers: F = 8.60, d.f. = 1, 81, p = 0.044, es-
timate (SE) = −0.075 (0.026); mass of feathers: F = 0.00,
d.f. = 1, 60.74, p = 0.98; mean mass of feathers: F = 0.14,
d.f. = 1, 60.67, p = 0.71). Thus species that migrated lon-
ger distances had fewer feathers for a given body size.
The total number of feathers was significantly related to
time since molt and time since molt squared (Table 2).
This implies that the number of feathers reached a peak
halfway through the year after molt (Figure 2). In
addition there was a significant effect of body mass with
more feathers in larger species (Table 2).
The predicted number of feathers at the end of the
molting period from the model in Table 2 was 1259, in-
creasing to 1950 half a year later (a rate of increase by
3.8 feathers per day), and subsequently falling to 1350 by
the start of the molting period 12 months later (a rate of
loss of 3.3 feathers per day).
There was no significant effect of sex in the analysis
presented in Table 2 (F = 0.42, d.f. = 1, 142, p = 0.52).
Furthermore, there were no significant effects of north-
ernmost or southernmost latitude during breeding or
during winter (breeding northern latitude: F = 1.07, d.f. =
1, 63.33, p = 0.30; breeding southern latitude: F = 1.49, d.f.
= 1, 84.81, p = 0.23; winter northern latitude: F = 0.22, d.f.
= 1, 68.87, p = 0.64; winter southern latitude: F = 0.29, d.f.
= 1, 87.44, p = 0.59). Finally, there was no effect of genusTable 1 Allometry of mass of all feathers, number of
feathers, and mean mass per feather
Variable F d.f. p Estimate SE
Log mass of all feathers 516.80 1, 74.46 <0.0001 0.972 0.043
Log no. feathers 165.02 1, 89.46 <0.0001 0.266 0.030
Log mean mass of
individual feathers
305.24 1, 73.1 <0.0001 0.768 0.044
The random effect of species for log mass of feathers was 0.0034, 95% CI
= −0.0002, 0.0070 accounting for 24% of the variance. The random effect
of species for log number of feathers was 0.0047, 95% CI = 0.0021, 0.0073
accounting for 55% of the variance. The random effect of species for log
mass of each feather was 0.0039, 95% CI = −0.00007, 0.0078 accounting
for 26% of the variance.on the number of feathers in a mixed model (variance ra-
tio = 0.088, 95% confidence intervals −0.00038, 0.00066,
percentage variance explained = 6.23).
Discussion
The number of feathers showed negative allometry while
the mass of feathers showed isometry. The number of
feathers showed a hump-shaped relationship with timeTable 2 Mixed effect model of the relationship between
log number of feathers and months after molt and
months after molt squared and log body mass
Variable F d.f. p Estimate SE
Intercept 16279 1, 92.02 <0.0001 3.0976 0.0243
Months after molt 55.33 1, 142.8 < 0.0001 −0.0116 0.0016
Months after
molt squared
196.84 1, 134.7 < 0.0001 −0.0063 0.0004
log Body mass 229.85 1, 89.08 < 0.0001 0.2403 0.0159
The random effect of species was 0.0007, 95% CI = 0.00011, 0.00123
accounting for 29.1% of the variance.
Figure 2 Total number of feathers in relation to time
(months since August) in different birds. Note the curvilinear
relationship.
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fall and winter followed by a decrease during spring and
summer. This pattern could be explained as a conse-
quence of selection against feather loss during fall and
winter followed by a steady loss during spring and sum-
mer. Here I have only analyzed patterns of abundance of
feathers and feather loss in a sample of mainly passerine
and related birds. Thus the results provided here do not
necessarily apply to other orders of birds.
Feathers play an important role in thermoregulation.
Here I have shown that the total mass of feathers in-
creased isometrically with body mass. In contrast, the
total number of feathers and the mean mass of feathers
showed negative allometry implying that small species
have relatively more and light feathers. These latter pat-
terns are consistent with expectations from the higher
surface to volume ratio of smaller species. Furthermore,
they suggest that smaller species have relatively many
small feathers.
I did not find a linear decline in the number of
feathers from the molting period onwards, raising ques-
tions about gain and loss of feathers. Feathers emerge
during the annual (or bi-annual) molt, and once the
molting period is finished, there is little or no feather
growth with the exception of feathers being replaced if
completely lost. Such replacement is used as a research
tool in studies of ptilochronology (Grubb 2006). An al-
ternative explanation for an increase in the number of
feathers during fall and winter is that birds grow more
feathers during fall and winter although there is no em-
pirical evidence for such seasonal growth. Hence there
appears to be no means by which the number of feathers
can increase during fall and winter unless individuals
that have already lost feathers are selected against. Here,I have indirectly shown selection for individuals with a
larger number of feathers in fall because the number of
feathers increased with time during fall, followed by
gradual loss of feathers in spring as the importance of
thermoregulation diminished when ambient tempera-
tures increased. There was a negative association be-
tween the number of feathers and migration distance,
while there was no significant relationship between the
mass of feathers and the mean mass of individual
feathers, respectively, and migration distance. Thus mi-
grants had fewer feathers than residents as expected if
the cost of thermoregulation is higher in resident species
at higher latitudes. In contrast, there were no significant
associations between the number of feathers and north-
ernmost or southernmost latitudinal range during breed-
ing or winter. Gradual loss of feathers in spring and
summer when ambient temperatures increase allows for
the maintenance of high body temperature in the face of
normal activity. Such feathers lost during spring and
summer may be used as nest material and provide effi-
cient insulation for developing embryos and nestlings.
Feathers are commonly lost in connection with preda-
tion attempts (Dathe 1955; Mester and Pünte 1959;
Tautenhahn 1959; Berger 1960; Höglund 1964; Lindström
and Nilsson 1988; Møller et al. 2006). The frequency of
such loss differs among species that vary in susceptibil-
ity to predation with the most predation-prone species
more readily losing feathers (Møller et al. 2006). The
ease of feather loss even differs between neighboring
urban and rural populations (Møller and Ibáñez-Álamo
2012), implying that there is scope for local adaptation
in terms of feather loss among habitats with different
predator communities.
The present study raises a number of perspectives for
the future. First, are the patterns in non-passerines simi-
lar to what has been described here? Second, do tropical
species have fewer feathers than temperate species as a
consequence of their higher ambient temperature?
Third, is feather loss and number of feathers related to
susceptibility to predation? Fourth, what is the mechan-
ism that maintains the balance between difficulty of loss
of feathers to maintain flying ability and insulation and
ease of loss when attacked by a predator? Finally, how
does this balance change as feathers become worn and
lost prior to molt?Conclusion
Larger species of birds have more and heavier feathers,
and these feathers are lost at a rate that indicates selec-
tion against feather loss in fall and winter, while the rate
of feather loss remains constant during spring and sum-
mer with the number of feathers reaching its lowest level
in summer just before the start of molt.
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